Isolation of a Temperature-sensitive Strain of Enterovirus 71 with Reduced
Neurovirulence for Monkeys (Accepted 17 August 1982) SUMMARY Small-and large-plaque-producing viruses were selected from the enterovirus 71 (E71) prototype, BrCr. The small-plaque virus was a temperature-resistant (tr) strain which could multiply at 39-5 °C as well as 35 °C. The large-plaque virus was temperature-sensitive (ts) and could not grow at 39-5 °C. It was shown that the ts strain was much less neurovirulent for monkeys than the tr strain. Both tr and ts strains reacted with homologous and heterologous antibodies in cross-neutralization tests. While no difference was found between tr and ts strains in the size of virion polypeptides, the VPI polypeptide could be differentiated by isoelectric focusing. Genomic differences between the two strains were found by oligonucleotide mapping.
E71 is known to be a causative agent of central nervous system (CNS) disease (Schmidt et al., 1974) aswell as hand, foot and mouth disease (HFMD) (Hagiwara et al., 1978; Tagaya et al., 1981) . In addition to the many cases of HFMD, there are case reports of meningitis, acute poliolike paralytic disease and meningoencephalitis caused by E71 (Deibel et al., 1975 ; Blomberg et al., 1974; Kennett et al., 1974; Chumakov et al., 1979) . In order to investigate the nature of neurovirulent E71 virus, we selected two temperature-sensitive strains which vary in their neurovirulence for monkeys.
Biochemical studies comparing wild and attenuated strains of virus have revealed changes in the genomes and structural proteins, associated with the attenuation of poliovirus (Minor et al., 1980; Yoneyama et al., 1981 ; Nomoto et al., 1981) . Comparison of virion polypeptides and the virus genomes between E71 strains selected on the basis of temperature-sensitivity revealed differences in the isoelectric point of VP1 and in the oligonucleotide maps of virus RNAs.
The BrCr strain of E71 was prepared in a line of cynomolgus monkey kidney (CMK) cells. Purification and labelling of viruses with isotope were carried out as described previously (Yoneyama et al., 1980) . After incubation of infected cells at 35 °C for 7 days under overlay medium containing Eagle's minimal essential medium, 2~o bovine serum and 1.5~ Noble agar (Difco), a well-isolated small or large plaque was selected and removed with a Pasteur pipette. For the neurovirulence test, two monkeys were inoculated intraspinally with 0.I ml of each strain (containing 106.5 p.f.u.). The inoculated monkeys were subjected to autopsy on day 8, after daily clinical observations, except for a monkey sacrificed on day 4 when it was completely paralysed. Samples of the CNS from autopsied monkeys were taken and fixed in 10~ neutral formalin. The tissues were embedded in paraffin and sections were stained with haematoxylin and eosin. Electrophoresis was carried out on 10 to 30 ~ linear gradient polyacrylamide slab gels (PAGE) prepared according to Minor (1980) . Isoelectric focusing was performed in slab gels according to Hamman & Drzeniek (1978) . The gels (13 x 15 × 0-1 cm) contained 5~ acrylamide (with 2-6~ N,N-methylenebisacrylamide), 9 M-urea and 2~o ampholine (LKB) consisting of equal volumes of pH 5 to 7, 7 to 9 and 3 to 10 solutions. Oligonucleotide mapping was done as described in a previous paper (Yoneyama et al., 1982) . Briefly, virus RNA was extracted from purified virions with a phenol mixture (phenol, chloroform and isoamyl alcohol). RNase-resistant oligonucleotides labelled in vitro with [y-32p]ATP were separated by twodimensional gel electrophoresis.
Small-and large-plaque viruses were selected at 35 °C and tested for growth at 35 °C and 39.5 °C. CMK cells were infected with each plaque-purified virus clone at a multiplicity of 10 -4. After 1 h adsorption at room temperature, infected cells were incubated at 35 °C or 39.5 °C. Minor (1980) . (b) Isoelectric focusing of purified virions of ts and tr strains by the technique described in Methods. The band of VP4 was too faint to be photographed.
After 5 days, virus harvests were titrated. Two clones (large-plaque formers) grew well at 35 °C (titres were 106.30 and 106.26 p.f.u./0.2 ml) but were restricted at 39.5 °C (both titres were less than 10 p.f.u./0.2 ml). One of the clones was used as a ts strain. Two clones (small-plaque formers) multiplied well at both low and high temperature (logao ratio of yields at 39-5 °C and 35 °C were -0-74 and -1.08). One of them, tr strain, was used for comparison with ts strain. Cross-neutralization tests between ts and tr strains were carried out using antisera prepared in guinea-pigs. The antigenicity of the ts strain was not different from that of the tr strain. The titre of anti-ts strain serum was 1:560 and 1:320 against ts and tr strains, respectively and the antiserum to the tr strain neutralized the ts strain in the same manner (titre 1:400) as the homologous virus (titre 1:800).
Clinically, no abnormalities were found in two monkeys inoculated with the ts strain. In contrast, one of two monkeys inoculated with the tr strain developed complete paralysis of the right hind limb within 4 days, although the other monkey showed no clinical abnormalities.
Histopathologically, mild to moderate chromatolysis of the motor neurons was found only in the lumbar cord in one of two monkeys inoculated with the ts strain, although mild to marked perivascular cuffing and inflammatory reactions occurred in the lumbar and cervical cord, the medulla oblongata, the mid-brain, the pons and thalamus in two monkeys. In tr straininoculated monkeys, nerve cell damage and inflammatory reaction were found in the CNS. In the monkey whose right hind limb was paralysed, marked mononuclear or leukocyte neuronophagia, degeneration and necrosis of the neurons, gliosis, perivascular cuffing and inflammatory cell infiltration were found on the right side of the anterior grey horns in the lumbar cord. Mild to moderate degeneration and chromatolysis of the neurons, gliosis and inflammatory reaction were also found in the cervical cord, the medulla oblongata, the cerebral cortex and brain stem. In the other monkey inoculated with the tr strain, mild to moderate degeneration and chromatolysis of the neurons, gliosis, perivascular cuffing and inflammatory reaction were found in the lumbar and cervical cord, the mid-brain and pons, even though there were no clinical signs.
[3H]Leucine-labelled virions were purified from CMK cell culture infected with ts or tr virus and the structural polypeptides were compared by SDS-PAGE after dissociation with SDS and 2-mercaptoethanol. Analysis of proteins from each strain showed four non-identical structural polypeptides in E71 particles (Fig. 1 a) , as reported previously (Yoneyama et al., t980 ), but no difference in the migration rates of the four proteins could be detected between ts and tr strains. These data indicate that the mol. wt. of each polypeptide was similar in each strain. The structural polypeptides of ts and tr strains were next examined by isoelectric focusing. The bands obtained were correlated with the structural polypeptides detected by SDS-PAGE using a two-dimensional technique ofisoelectric focusing followed by SDS-PAGE (data not shown). As can be seen in Fig. 1 (b) , isoelectric focusing in the presence of urea successfully separated E71 proteins after dissociation of virus particles with urea. The isoelectric points of the polypeptides of E71 were in the acidic or neutral range and no basic polypeptides were found. The isoelectric points ofVP2 (pI 6.9), VP3 (pI 5.3 to 5.5) and VP4 (pI 7-0) of the tr and ts strains were similar but the isoelectric point of VP1 of the ts strain (pI 7.4 to 7.6) was higher than that from the tr strain (pI 7.1 to 7.2).
The fingerprints of tr and ts strain genomes after RNase T1 digestion are shown in Fig. 2 . Spots due to large oligonucleotides are shown in the lower part of the pattern. The fingerprint of the ts strain, shown in Fig. 2(a) , was very similar to that of the tr strain, shown in Fig. 2(b) , with the exception of some spots, particularly the two indicated by a circle or square.
Two strains, ts and tr, were isolated from E71 prototype strain. In a neurovirulence test in monkeys the ts strain was much less neurovirulent than the tr strain, indicating that the ts strain resembles an attenuated poliovirus which could not grow at high temperature (Sabin & Lwoff, 1959) . During the attenuation of poliovirus, changes in structural proteins and genome were shown to have occurred (Kew et al., 1980; Yoneyama et al., 1981; Nomoto et al., 1981) . As mentioned above, we showed that the ts strain could also be distinguished from the tr strain by biochemical analysis. The isoelectric point of VP1 of the ts strain was higher than that of the same protein from tr strain, probably indicating the conformational change of the structural protein. Because the VP1 of enteroviruses is located on the virion surface (Longberg-Holm & Butterworth, 1976; Beneke et al., 1977) , the charge modification may affect the affinity of the virion for nerve cells.
Fingerprint analysis suggests a genomic variation between the two strains. However, because the characteristic spots make up only 10 to 15~ of the genome, genomic changes detected by oligonucleotide mapping may not necessarily reflect changes in neurovirulence in monkeys. 
